Summary Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) seedlings were grown for 68 days in a growth chamber in nutrient solutions with ammonium, nitrate or ammonium nitrate as the nitrogen source. Among the nitrogen sources tested, whole-seedling biomass, relative growth rate (RGR), root and shoot elongation, and number of lateral roots, were greatest in seedlings grown with ammonium. In the absence of nitrogen, plant growth and formation of lateral roots were poor. Initially, glutamine synthetase, NAD-glutamate dehydrogenase and aspartate aminotransferase activities were high in young roots and shoots, but all three enzymatic activities decreased after one month of culture. In root apices, glutamine synthetase and aspartate aminotransferase activities were higher than NAD-glutamate dehydrogenase activity. Enzymatic activities were often higher in ammonium-fed seedlings than in seedings supplied with the other forms of nitrogen. Activities of all three enzymes were significantly reduced in seedlings grown in the absence of nitrogen. The beneficial effect of ammonium is discussed on the basis of its involvement in the assimilation pathways of Douglas-fir.
Introduction
The root system anchors trees in the soil, absorbs water and minerals, and is a store for carbohydrates. A knowledge of the structure and development of the root system is essential for a full understanding of the ecological requirements of each forest tree species. Because the ultimate structure of a natural root system is determined largely by the environment during the early stages of development (Eis 1974) , nutrition and especially the nitrogen form that a plant species utilizes can have a profound effect on its physiological and morphological characteristics. In acidic forest soils, free ammonium ions are present at a relatively high concentration (Berg 1986 ) and conifers usually grow well in such soils, although some researchers have reported that these trees exhibit a preference for nitrate (Gijsman 1990a) . This apparent discrepancy might be attributed to different experimental conditions such as pH or N concentration.
Forest tree species take up both NO 3 − and NH 4 + . When NO 3 − is absorbed, it is reduced, both in roots and leaves, to NH 4 + by nitrate and nitrite reductases before it is incorporated into amino acids (Smirnoff et al. 1984) . The incorporation of NH 4 + into amino acids involves the glutamine synthetase/glutamate synthase pathway (GS, EC 6.3.2.1/GOGAT, EC 1.4.7.1 or EC 1.4.1.14) and glutamate dehydrogenase (NAD-GDH, EC 1.4.1.2). The GS/GOGAT cycle is the primary N assimilation pathway under normal growth conditions. It operates at low N concentrations with a high affinity for NH 4 + . The main role of glutamate dehydrogenase is to recycle glutamate (Robinson et al. 1991) ; however, the enzyme also seems to participate in nitrogen assimilation, in the presence of GS, when concentrations of ammonium are high, and hence responds to variations in both NH 4 + and NO 3 − (Oaks and Hirel 1985, Srivastava and Singh 1987) . The synthesized glutamate can be used either to replenish the pool of glutamate for subsequent glutamine synthetase catalysis or to donate its amino group to form other nitrogen-containing compounds. One important utilization of glutamine and glutamate is in the synthesis of aspartate, catalyzed by aspartate aminotransferase (AAT, EC 2.6.1.1). This enzyme, which has been characterized in various plant tissues (Bryan 1990) , utilizes α-ketoglutarate and oxaloacetate produced by the tricarboxylic acid cycle and thus tightly links nitrogen assimilation with carbon metabolism. We examined the growth of Douglas-fir seedlings in the presence of different nitrogen sources as well as activities of the enzymes involved in ammonium assimilation in an attempt to establish a link between enzymatic activity and the response of Douglas-fir to N fertilizers.
Materials and methods

Plant material and growth conditions
Seeds of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) (Office National des Forêts, France, Zone 422, 1990) were obtained from the Laboratory of Forest Microbiology (Institut National de la Recherche Agronomique, Centre de Recherches Forestières, Nancy, France). Seeds were surface sterilized in 30% H 2 O 2 for 1 h, washed for 4 h in sterile water, and placed Effects of nitrogen source on growth and activity of nitrogen-assimilating enzymes in Douglas-fir seedlings on glucose (1 g l −1
) agar to detect any contamination (Bedell et al. 1995) . Germinated seeds were transferred to containers filled with water-soaked perlite previously sterilized by autoclaving at 120 °C for 20 min. Seedlings were grown in a climate-controlled growth chamber providing a day/night temperature of 23/19 °C, relative humidity of 60/70% and a 15-h photoperiod provided by Sylvania Gro-lux fluorescent lamps (6 W m −2
). The nutrient solutions, adjusted to pH 4.5, contained (mg l To maintain constant nitrogen availability, the nutrient solution was provided to the seedlings every two days. A nitrogen-deficient medium was used as a control.
Growth parameters
Growth parameters (length, fresh weight (FW), dry weight (DW)) and the number of lateral roots were measured for eight seedlings at each time. After weighing, the mean relative growth rate (RGR) was calculated as: RGR = (ln (FW 1 ) − ln (FW 2 ))/months, where FW 1 is the fresh weight at the beginning of the measurements (Day 12) and FW 2 is the fresh weight at the end of the experiment (Day 68) . Dry weight was measured from aerial and root parts of the plants after drying at 70 °C for 48 h. The pH of the nutrient solutions was determined with a glass electrode every six days.
Enzyme extraction
Roots and needles were washed with distilled water, blotted on filter paper, weighed, and pulverized at 4 °C with a chilled mortar and pestle with 30 volumes of buffer (50 mM Tris-HCl, pH 7.6, 5 mM MgSO 4 , 2 mM EDTA, 10 mM Glu, 10% (v/v) glycerol, 2% (w/v) PVP-40, 10% (w/w) PVPP and 14 mM 2-mercaptoethanol) as described by Bedell et al. (1995) . The homogenate was centrifuged and the resulting supernatant fractions were used for enzyme assays and protein determination.
Enzyme and protein assays
Glutamine synthetase (GS) and aspartate transferase (AAT) activities were determined by a modification of the assays described by Bedell et al. (1995) . Glutamate dehydrogenase (NAD-GDH) activity was measured as described by Bedell et al. (1994) . Protein content was determined by the Bradford method (Bradford 1976 ) with bovine serum albumin as a standard. Values (± standard errors of the means) are the means of two measurements each obtained from at least three samples.
Results
Growth of the seedlings
During the first 40 days of culture, growth increased slowly and was not significantly affected by nitrogen source ( Figure 1 and Table 1 ). From Day 40 to the end of the experiment, growth was higher on the medium supplemented with ammonium than on the media supplemented with other nitrogen forms, and growth was reduced on medium lacking nitrogen (Figure 1 and  Tables 1, 2) . Fresh weights and dry weights varied in parallel (data not shown), indicating that plant water content was not significantly modified by the nitrogen source. The pH was initially set at 4.5 and increased to 5.2 on medium supplemented with nitrate, whereas it decreased to 3.9 on medium containing ammonium (not shown). Among treatments, ammonium-fed plants exhibited the highest shoot and root lengths, especially after 40 days of culture (Table 1) . Shoot and root growth was significantly inhibited in the nitrogen-free medium. In the presence of nitrate and ammonium nitrate, intermediate results were obtained; however, there was considerable variation during the experiment.
The number of lateral roots was dependent on the nitrogen source. From Day 48 of culture until the end of the experiment, the number of lateral roots was slightly higher in the presence of ammonium than in the presence of nitrate or ammonium nitrate (Table 1 ). The number of lateral roots was significantly reduced in nitrogen-deficient medium.
By the end of the experiment, the effects of the treatments on total seedling biomass had the pattern NH 4 + > NO 3 − = NH 4 NO 3 > −N and this was confirmed by the relative growth rates (RGR) ( Table 2 ). Root and shoot biomasses followed a similar trend, except that NH 4 NO 3 resulted in higher shoot biomass than NO 3 − . Comparative studies indicated that ammonium stimulated root growth more than shoot growth and this was reflected by the root:shoot ratios (Table 2) .
Enzyme activities
In the absence of nitrogen, as well as in the presence of ammonium nitrate, GS activity in roots was low throughout the experimental period (Figure 2 ). Glutamine synthetase activity in roots was high (75 nkatal g FW −1
) on Day 12 in plants cultivated with nitrate, whereas it reached a maximum (150 nkatal g FW −1
) on Day 18 in plants cultivated with ammonium ( Figure 2) . In both cases, root GS activity was considerably reduced beyond 22 days of culture. Glutamine synthetase activity in shoots reached a maximum on Day 22 and was stimulated in the order NO 3 − > NH 4 NO 3 > NH 4 + , with the lowest shoot GS activity observed in plants in nitrogen-deficient medium (Figure 2 ). Shoot GS activity remained low from Day 29 to the end of the experiment. In ammonium-and nitrate-fed seedlings, maximum GS activities were 1.5-and 5-fold higher, respectively, in roots than in shoots.
Similarly to the GS enzyme, NAD-GDH activity was slightly higher in roots than in shoots. Activity of NAD-GDH decreased gradually during the experiment, especially after 40 days of growth (Figure 3) . The NAD-GDH enzyme was not detected in roots or shoots beyond Day 35 in nitrogen-deficient medium. In the presence of ammonium or ammonium nitrate, NAD-GDH activity was considerably reduced in shoots after 40 days of incubation. More often, NAD-GDH activity was higher in seedlings growing on nitrate-supplemented medium than in seedlings growing on ammonium-supplemented medium (Figure 3 ). Aspartate aminotransferase (AAT) activity was independent of nitrogen source, and was mainly detected in shoots (data not ) in roots and shoots of Douglas-fir seedlings cultivated in the presence of Vertical bars indicate ± SE. Note the different vertical scales (GS activity) for roots and shoots.
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Distribution of GS activity within the root system
After 45 days of growth, 55% of GS activity was confined to the apex of the primary axes, and 30% was found in the laterals. The remaining 15% of activity was located in the oldest parts of the root tissues. In 6-month-old seedlings, GS activity decreased in the apices of the main (32%) and fine roots (28%), whereas 40% of the GS activity was in the oldest parts of the root tissues. Similar distributions of AAT activity were found in roots (data not shown).
Discussion
Effect of N source
Total biomass and RGR of the plants corresponded to the nitrogen status of the medium: NH 4 + > NO 3 − = NH 4 NO 3 > −N.
The relatively slow growth of Douglas-fir seedlings with nitrate as the sole nitrogen source compared with growth on ammonium is consistent with results obtained with coniferous trees such as Pinus sylvestris L. (Boxman and Roelofs 1988) and Picea abies (L.) Karst. (Marschner et al. 1991) . Preferential uptake of ammonium and enhanced development of seedlings grown with ammonium as the source of N have been reported for Douglas-fir (Gijsman 1990a, Kamminga-van Wijk and Prins 1993) . The preference for ammonium has been linked to the specific soil conditions (low nitrification and high NH 4 + availability) in which conifers generally grow (Berg 1986 ). However, recent findings contradict these earlier assumptions and it is now clear that nitrification is extremely active in soils formerly thought to have suppressed rates of nitrification (Stark and Hart 1997) . In addition, it has been reported that, under some conditions, Douglas-fir exhibit better growth with nitrate than with ammonium (Krajina et al. 1973) . Some of these discrepancies may be attributed to different experimental conditions such as pH, N availability, and availability of other elements such as iron and phosphorus. We conclude that N was a limiting factor in the development of the Douglas-fir seedlings, because growth and enzymatic activities were limited in the nitrogen-deficient medium. However, seedling response to the nitrate source was similar to the response to the ammonium nitrate source. These data do not support the hypothesis of an inhibition of NO 3 − uptake by NH 4 + , frequently observed in trees (Marschner et al. 1991) . In a study on western hemlock, NO 3 − uptake rates were less than half of the NH 4 + uptake rates, and in the NH 4 NO 3 treatment, NO 3 − uptake was slower than with NO 3 − alone (Knoepp et al. 1993 ). Kamminga-van Wijk and Prins (1993) also reported a negative effect of NH 4 NO 3 on NO 3 − uptake in Douglas-fir plants.
Morphological characteristics such as length of the shoots and roots, as well as production of laterals, were higher in ammonium-fed seedlings than in seedlings fed with nitrate or ammonium nitrate. Stimulation of initiation and growth of laterals by ammonium has also been observed in maize (Schortemeyer et al. 1993 ). However, in Pinus sylvestris, Vollbrecht and Kasemir (1992) showed that an excessive supply of ammonium (2 mM ammonium chloride) led to decreases in root growth rate and the number of laterals formed. In contrast, our ammonium-fed Douglas-fir seedlings (1 mM ammonium sulfate) exhibited an enhanced formation of laterals. In addition to differences in the concentration and ammonium salt used in these studies, we note that effects of N source on root morphology could also be caused by differences in the phytohormone status of the roots (Schortemeyer et al. 1993) .
Changes in pH in the nutrient solution during plant culture have led some authors such as Rufty et al. (1983) to conclude that pH rather than ammonium ion was responsible for the effects observed during ammonium nutrition. It is well established that the uptake of nitrate ions is coupled to efflux of hydroxyl or bicarbonate ions, resulting in a higher pH of the medium surrounding the roots (Marschner et al. 1986 ). Uptake of ammonium ions is also an active process, coupled to the efflux of protons, a process that lowers the pH of the medium. Uptake of NH 4 + results in a proton efflux of 1.1 to 1.26 protons per NH 4 + ion taken up by roots (Knoepp et al. 1993) . In the present study, pH values ranged from 3.9 to 5.2. Coniferous trees appear to be well adapted to soils with low pH. Rygiewicz et al. (1984) showed that the rate of uptake of both NO 3 − and NH 4 + by Douglas-fir was constant over a pH range from 3.0 to 5.5. Kamminga-van Wijk and Prins (1993) reported that ) in roots and shoots of Douglas-fir seedlings cultivated in the presence of Vertical bars indicate ± SE.
growth of Douglas-fir was not modified by variations in pH. Similarly, in jack pine (Pinus banksiana Lamb.), the absorption rates of ammonium and nitrate were not significantly affected by variations in pH . The beneficial effects of ammonium nutrition might also be associated with interactions with other ions. Usually, a decreased cation uptake accompanies increasing ambient NH 4 + concentrations. This is explained in terms of competition at the level of the plasmalemma, either with NH 4 + ions per se or with protons excreted during active NH 4 + uptake (Haynes and Goh 1978) . Haynes (1980) (Blair et al. 1970) .
Enzyme activity and distribution
The absence of nitrogen strongly reduced the activities of GS and NAD-GDH. Both enzymatic activities (expressed on a fresh weight basis) decreased with time, suggesting that the apical tissues, which have high enzymatic activity compared with mature tissues, make up a decreasing proportion of plant biomass as the seedlings grow. However, similar patterns were found when the data were expressed as specific activities, indicating that the decline in enzymatic activity with time cannot be explained solely on the basis of a decreasing proportion of apical tissues. The NAD-GDH enzyme retained significant activity throughout the experiment, especially in the roots cultivated in medium containing ammonium as the N source. It is possible that this enzyme participates in the assimilation of nitrogen. In jack pine, Vézina et al. (1992) showed that GDH activity was not affected by the nitrogen source and was 15 and 25 times lower than GS activity in the presence of ammonium and nitrate, respectively. In Douglas-fir, we found that the nitrogen source affected NAD-GDH activity, which was 4-and 8-fold lower than GS activity in the presence of nitrate and ammonium, respectively. In western hemlock (Tsuga heterophylla (Raf.) Sarg.), Knoepp et al. (1993) observed an increase in GDH activity with increased N uptake in both root and needle tissues. Although we did not measure nitrogen flow through the seedlings, the high activity of GS in young roots indicated that a substantial amount of absorbed ammonium was incorporated into glutamine. It is known that GS of Douglas-fir roots exhibits a high affinity for ammonium (Bedell et al. 1995) . Glutamine synthetase activity was significantly higher in roots than in shoots during the first two weeks of culture followed by a transient peak of GS activity in shoots during the third week of culture. This transient peak of GS activity probably reflected a peak in photorespiration or other ammonium-producing metabolic activities in the aerial part of the plant.
Glutamine synthetase activity was high in the presence of ammonium, especially in young roots. Similar findings have been reported for red oaks (Quercus rubra L.) and red ash (Fraxinus Pennsylvanica Marsh.) seedlings (Truax et al. 1994) . However, in western hemlock, GS activity was not related to N source or uptake rates (Knoepp et al. 1993) , and in jack pine, Vézina et al. (1988 Vézina et al. ( , 1992 found a higher GS activity in nitrate-grown plants than in ammonium-grown plants. Cáno-vas et al. (1991) showed that, in pine, an exogenous supply of ammonia slightly stimulated GS activity and this was correlated with an accumulation of the enzyme mRNA (Cantón et al. 1993) . Expression of the GS enzyme has been intensively studied in soybean nodules (Hirel et al. 1987 ) and maize roots (Redinbaugh and Campbell 1993) , but, except for jack pine , results for trees are fragmentary.
The tap-root form was characteristic of young Douglas-fir seedlings. In older seedlings, the oblique lateral roots increased in size and the root systems took on a bell-shaped form as described by Eis (1974) and Gijsman (1990b) . Glutamine synthetase activity was high in the root apex accounting for about 33% of the total GS activity in the roots but only 4% of the total protein content (data not shown). The decrease in GS activity in the apices of the main roots over time can be explained by the increase in number of lateral fine roots, which represent new assimilating zones.
In conclusion, growth of Douglas-fir was not influenced by the nitrogen source during the first 40 days of the experiment, indicating that growth was independent of the exogenous supply of nitrogen during the initial phase of seedling development. However after this initial 40-day period, growth was greater when ammonium was the nitrogen source compared with nitrate or ammonium-nitrate. Although AAT activity was not affected by the nitrogen sources, GS and NAD-GDH enzymes were more active in ammonium-fed seedlings than in nitrate-or ammonium-nitrate-fed seedlings.
